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Experimental determination of cation diffusivities 
in aluminosilicate garnets 
I. Experimental methods and interdiffusion data 

Stephen C. Elphick*, Jibamitra Ganguly and Timothy P. Loomis 
Department of Geosciences, University of Arizona, Tucson, AZ 85721 

Abstract. We have carried out diffusion couple experiments 
using pairs of single crystals of natural garnet of dissimilar 
compositions in the range of 30-40 Kbar, 1,300-1,500 ~ C, 
and measured the induced diffusion profiles by microprobe 
scanning across the interface. Significant modifications to, 
and experimentation with, the design of the pressure cell, 
furnace assembly and sample geometry were needed to ob- 
tain measurable volume diffusion at controlled P -  T condi- 
tions. 

The diffusion profiles in the pyrope-almandine couples 
are short enough that retrieval of diffusion data from them 
must await deconvolution analysis to resolve the effect of 
spatial averaging of the microprobe beam. However, the 
profiles in the spessartine-almandine couples are sufficiently 
long to obviate convolution analysis. They yield interdiffu- 
sion coefficients (D) at 40 Kbar of 

D = 0.82 x 10- 5 exp ( -  53.6 _+ 4.9 Kcal/RT) cm2/s 

and 

D =  1.2 x 10 -5 exp (-57:1 ___8.4 Kcal/RT) cm2/s 

for Fe-rich and Mn-rich compositions, respectively, and an 
activation volume of ~4.7 cm3/mole. Preliminary analysis 
of profiles in a pyrope-almandine couple at ~40 Kbar, 
1,440~ C suggests Fe-Mg interdiffusion to be an order of 
magnitude slower that Fe-Mn interdiffusion, and to in- 
crease with Fe/Mg ratio. The interdiffusion data reported 
here are in sharp disagreement with those of Freer (1979) 
and Duckworth and Freer (in Freer 1981) on Fe-Mn and 
Fe-Mg interdiffusion, respectively. 

Introduction 

Garnet is one of the most important minerals in crustal 
and mantle metamorphic rocks used to interpret geological 
processes. Compositional zoning is being used increasingly 
as a means of interpreting the history of rocks. The useful- 
ness of compositional zoning derives from (1) the sensitivity 
of garnet composition to the mineral assemblage and to 
temperature, pressure, and other conditions of formation 
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and (2) small diffusion rates that enable garnet to retain 
evidence of its growth and reaction history. Garnet is an 
ideal recorder of past conditions because it is physically 
resistant, it is abundant in many bulk compositions and 
the composition of aluminous garnets can be easily mea- 
sured with the microprobe. 

Diffusion is an important process in garnet that controls 
the usefulness of compositional zoning. First, diffusion 
tends to eliminate zoning generated by fractionation pro- 
cesses during the growth of low-grade garnets. Fortunately, 
diffusion seems to be slow enough in garnets to preserve 
growth-induced zoning until moderate grades of metamor- 
phism in regional rocks (Loomis t983). However, the influ- 
ence of diffusion on growth zoning probably becomes sig- 
nificant at staurolite grade. At higher grades, the rate of 
diffusion is appropriate for inducing diffusion zoning pro- 
files on the edges of crystals but not so effective that it 
homogenizes the crystals. When diffusion in garnet is im- 
portant, it can be modeled because diffusion within garnet 
is isotropic owing to its isometric symmetry. 

The application of diffusion analysis to compositional 
zoning in garnet can be resolved approximately into two 
studies. These two major fields of zoning studies are dis- 
cussed in the overview of the subject by Loomis (1983). 
Growth zoning in garnet usually results in conspicuous 
complementary zoning profiles of Mn and Fe, with only 
small change in the concentration of the pyrope component, 
which is present in small concentration. Relaxation of the 
growth-induced zoning involves principally Fe-Mn ex- 
change. On the other hand, the high-grade exchange that 
causes edge zoning in garnets affects principally Mg and 
Fe; the concentration of Mn in the high-grade garnets is 
small because it is distributed in the usually abundant gar- 
net present. For convenience, we will separate application 
of results into the corresponding problems of (1) Mn-Fe 
exchange in Mg- and Ca-poor garnets and (2) Mg-Fe ex- 
change in Mn- and Ca-poor garnets. 

Three major problems dealing with diffusion in garnet 
are (1) the difficulty of measuring very small diffusion coef- 
ficients within the laboratory time scale, (2) the multicom- 
ponent character of exchange in a mineral with 4 compo- 
nents, and (3) the probable compositional dependence of 
diffusion coefficients. In this paper we describe the experi- 
mental techniques used to obtain data on interdiffusion 
in garnets at high temperatures, and present the results on 
interdiffusion coefficients that are accurate enough to pro- 
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pose diffusion models for the two practical problems ad- 
dressed above. In the second paper (Loomis et al. 1985), 
we investigate the multicomponent interactions and compo- 
sitional dependencies that can be measured in our data, 
primarily on Fe-Mn interdiffusion, by matching multicom- 
ponent, compositionally-dependent simulations to the data. 
For reasons discussed later in this paper, detailed modeling 
of Fe-Mg diffusion data will be presented in a separate 
paper. 

Experimental methods 
We discuss below selected aspects of our experimental 
methods, including design developments, which convey an 
idea of the problems attending this experimental project, 
and the precision in our knowledge of the diffusion parame- 
ters retrieved from the experimental data. 

Diffusion couples and experimental conditions 

Early attempts by us to obtain Fe-Mg diffusion data in 
garnet by using diffusion couples consisting of a cylindrical 
block of Mg-rich garnet single crystal along with sintered 
powders of either olivine or clinopyroxene or almandine 
of dissimilar Fe/Mg ratio were unsuccessful. The garnet- 
olivine/clinopyroxene couples revealed interface chemical 
breakdown even though the experimental P - T  conditions 
were well within the garnet stability field according to the 
experimental data of Perkins (1983), whereas the pyrope- 
almandine-powder couple showed virtually no measurable 
diffusion. We believe that the failure of the last couple is 
due to the preferential channeling of diffusion along tor- 
tuous grain boundaries, as the run duration (48 h at 
1,400 ~ C) was adequate, as will be shown later, to produce 
a significantly larger volume diffusion profile. Conse- 
quently, the use of sintered powder may, in general, be 
a questionable technique in the study of volume diffusion 
process (also see Buening and Buseck 1973). We, therefore, 
decided to use garnet-garnet couples made of two single 
crystals of garnets of dissimilar composition with a highly 
polished interface. Zoning profiles induced in such couples 
were, in principle, also capable of yielding more informa- 
tion on the compositional dependencies of diffusion coeffi- 
cients. Some exploratory experiments were conducted with 
powdered mixtures of these garnets to decide on P -  T con- 
ditions at which the diffusion experiments could be carried 
out without risking their chemical decomposition. 

Since diffusion in garnet is very slow, relatively high 
temperatures are required to induce experimentally an ade- 
quate zoning profile, which could be measured with the 
spatial resolution of a microprobe, and modeled to retrieve 
cation diffusivities. This, in turn, required very high pres- 
sures to ensure stability of garnets, especially at Mg-rich 
compositions. All experiments were, therefore, carried out 
at pressures of ~ 35-40 Kbar in a piston-cylinder apparatus 
using solid pressure media with a graphite internal resis- 
tance furnace, and a pressure vessel with a 1/2 inch I.D. 
carbide core and carbide piston. The experimental tempera- 
ture range was 1300 to 1,475 ~ C. The diffusion in garnet 
was found to be very sluggish so that it was impractical 
at this stage to attempt experiments at lower temperatures. 

At such high pressures, we found it very difficult to 
preserve the mechanical integrity of the garnet-garnet cou- 
ple of cylindrical geometry over sufficiently large domains 
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Fig. l. Geometries of the garnet-garnet diffusion couple and adja- 
cent section of pressure cell used successfully in the high P - T  
experiments in the Piston-Cylinder apparatus. Spessartine-alman- 
dine couples did not seal unless the interface was vertical (see text) 

to ensure volume diffusion. In similar experiments with ol- 
ivine, Misener (1974) did not seem to have experienced a 
similar problem of mechanical failure. The mechanical fail- 
ures were primarily due to (1) the relatively brittle behavior 
of garnet, (2) large uniaxial stress in the solid pressure medi- 
um, especially during compression at room temperature 
when stress redistribution by flow is minimal, and (3) high 
local stress at the contact of a garnet wafer and the thermo- 
couple junction. The last problem is due to the extreme 
rigidity of the alumina ceramic (99.8% A1203) in which 
the thermocouple had to be encased to preserve its mechani- 
cal and chemical stability. The designs of sample geometry 
and pressure cell that proved to be most successful in pre- 
serving the mechanical integrity of the interface are illus- 
trated in Fig. 1, and a picture of a section of a "successful" 
pyrope-almandine couple is shown in Fig. 2. 

The principal features of the design are (I) a 90 ~ cone 
at the bottom of the diffusion-couple, which helped redistri- 
bution of uniaxial stress, (2) a thin (0.025 inch) washer, 
machined from high purity synthetic corundum, between 
the thermocouple tip and the diffusion couple, which spread 
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Fig. 2. An example of a "successful" pyrope-almandine couple, 
which preserved the (horizontal) interface after a run at 38 Kbar, 
1,475 ~ C, 26.7 h (Run # 16). Athough the garnets were partly frac- 
tured, most of the interface was preserved intact. The interface 
is indicated by horizontal lines on the sides of the couple. The 
sectional width of the couple is 0.25 crn 

the point-load against the hard thermocouple ceramic, and 
(3) a 0.025 inch thick graphite disk above the garnet, that 
acted as a cushion between the garnet and the alumina 
disk. 

Individual garnets were prepared by polishing down to 
a final grit size of 1/4 micron the largest possible slices 
of gem quality material. Circular cores were then cut from 
the central flat areas of the polished slices, which were opti- 
cally scratch-free and clean, and the couples constructed 
by gluing the requisite polished faces together. The resultant 
pair was then glued onto a glass rod, and lathed along 
with the rod to final size and shape using diamond tools. 
After shaping, the couples were unglued from the mounting 
rods, separated, and thoroughly cleaned before final assem- 
bly in a graphite capsule. This capsule was inserted into 
the 1/2 inch furnace-pressure cell assembly, as shown in 
Fig. 1. 

It will be noticed in Fig. 1 that we have used couples 
with both horizontal and vertical interfaces. The couples 
with horizontal interfaces are preferable, as there is virtually 
no temperature gradient along the interface, and the entire 
interface is located close to the thermocouple junction. The 
horizontal interface was used successfully in the pyrope- 
almandine diffusion couples, but for the almandine-spessar- 
tine couples, it invariably parted after the samples were 
unloaded from the pressure cells. We usually found several 
horizontal partings through the pressure cell, including the 
diffusion couple, owing to extension during unloading. For 
the pyrope-almandine couple, it was possible to reduce the 
tension fractures by very slow decompression, but this tech- 

nique failed to hold together the almandine-spessartine in- 
terface, even with decompression under relatively hot condi- 
tion. Consequently, we had to use the vertical interface 
for the almandine-spessartine couple. This technique 
worked very well in preserving the cohesion of the interface, 
but introduced the additional problem of potentially larger 
uncertainty in the measurement of temperature of the in- 
duced diffusion profile. The reason for the superior cohesi- 
veness of the horizontal interface of the pyrope-almandine 
couple relative to that of the almandine-spessartine couple 
is not clear, but probably lies in the smaller volume dispar- 
ity of the pyrope and almandine compositions (molar vol- 
ume difference=0.494 cm 3 or 0.004%) compared to that 
of the almandine and spessartine compositions (molar vol- 
ume difference= 3.134 cm 3 or 0.027%). 

Temperature gradient and the furnace-pressure cell assembly 

Because of the combined thicknesses of ceramic, graphite, 
and garnet, the final geometry placed the thermocouple 
junction 0.1" from the interface of interest. This raised the 
problem of whether the recorded and interface temperatures 
were identical because in this type of pressure cell-furnace 
assembly, there could be a considerable temperature gra- 
dient over a vertical distance of 0.1" (Cohen et al. 1967; 
Kushiro 1975). To eliminate thermal gradients, the center 
of the full furnace length was located midway between ther- 
mocouple junction and interface, on the usual assumption 
that the furnace hotspot lay at its central section, and, sec- 
ondly, a molybdenum or tantalum ring, 0.170" high with 
a 0.020" wall thickness, was placed in direct contact with 
the graphite capsule and graphite furnace such that the 
central horizontal sections of the furnace and the ring coin- 
cide (Fig. 1). It was expected that the decrease in the resis- 
tance of the furnace owing to contact with the metal ring 
would flatten the temperature maximum at the furnace hot 
spot. 

Kushiro (op. cit.) designed a graphite furnace with a 
3 ~ internal taper which was found to be very effective in 
flattening the temperature maximum. Our furnace design 
is simpler to fabricate than Kushiro's and its effectiveness 
was confirmed by a " d u m m y "  experiment without the gar- 
net sample, but in an otherwise similar pressure-cell as in 
the diffusion-couple experiments, with two thermocouple 
junctions 0.1 inch apart and symmetrically located with re- 
spect to the central section of the furnace. Temperature 
gradients, measured under constant pressure conditions, 
were found to be within 4 ~ C at 1,300 ~ C, with the interface 
position being hotter. Taking into account the temperature 
dependence of the temperature gradient near the hot spot 
of furnace (Cohen et al. 1967), we believe that the tempera- 
ture of horizontal interface in our experiments up to 
1,525 ~ C was within 5 ~ C of that sensed by the thermocou- 
ple. With respect to the vertical interface, we analyzed diffu- 
sion profiles from within 0.1" from the thermocouple junc- 
tion. 

The metal ring, intended to smooth the temperature 
gradient, served the additional important purpose of pro- 
tecting the couple-interface and thermocouple junction 
against the influx of molten glass or the CsC1 insulating 
sleeve that almost invariably diked through the broken fur- 
nace at high temperature. The effectiveness of the ring in 
preventing the chemical attack of the garnet couple was 
revealed during dismemberment of the charge after run 
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completion. When talc-glass insulation was used, the mol- 
ten glass would quite commonly dike through fractures in 
the furnace wall. Such ingress of glass was usually halted 
by the ring, and contamination problems were only appar- 
ent during very high temperature salt-cell runs. The fractur- 
ing of the furnace walls, which led to large power fluctua- 
tions, distortion of temperature distribution, and ingress 
of glass or salt causing partial melting of the garnet sample 
at high temperature, was greatly reduced by making the 
furnace slightly shorter (0.080 inch) than the insulating 
sleeve. The latter was prevented from collapsing radially 
underneath the furnace by a supporting steel ring. This 
design was suggested by Boettcher et al. (1981). 

We developed the CsC1 pressure cell during the course 
of this study in our effort to minimize fracturing of the 
carbide cores due to thermal stress in long runs at high 
P -  T conditions. CsC1 proved to be a much superior insu- 
lating material to talc-glass or any other salt, except KBrII, 
which has been used before in high pressure cells. CsC1 
and KBrII, which has a CsC1 structure, seem to have similar 
thermal conductivities, but KBrII  is very difficult to use 
owing to (1) the fairly large volume change of the KBrI 
(NaC1 structure) = KBrII  transition around 17 Kbar 
(Pistorius 1965) that produces considerable distortion of 
the furnace, and (2) substantial melting near the furnace 
hot spot at conditions of our high temperature runs. How- 
ever, for reasons that we do not completely understand, 
the garnet couple often partly melted during the high tem- 
perature runs with CsC1 insulation, although the run condi- 
tion was about 100 ~ below the CsC1 melting temperature, 
presumably due to leaching of Cs and/or C1 through the 
graphite furnace. Consequently, we continued to make runs 
with the classical talc-glass insulation, as the situation de- 
manded, to minimize loss of  the couple interface. The com- 
plete encapsulation of the sample, as shown in Fig. 1 d, 
seemed to be effective in stopping the melting of garnet. 
The use of CsC1 demonstrated some important points about 
the stability of the thermocouple and pressure cell, which 
are discussed below. 

Pressure and temperature measurement 

The nominal pressures, measured on a 16 inch diameter 
Heise gauge, were corrected on the basis of previous calibra- 
tion experiments in similar pressure cells (e.g. Ganguly and 
Kennedy 1973; Mirwald et al. 1975). The determination of 
the sample temperature, which was measured by the rela- 
tively more stable W-3Re/W-25Re thermocouples, was, 
however, complicated by the possibility of  progressive ther- 
mocouple decalibration at high temperature, especially in 
runs of long duration (Presnall et al. 1973). If  the thermal 
and mechanical properties of the furnace-pressure cell as- 
sembly remain essentially the same during a run, then the 
power input to the furnace for a fixed sample temperature 
should remain stable after the first few hours required for 
the attainment of a stable thermal condition in the high 
pressure apparatus. Thus, we assumed a progressive change 
of the power drawn by the furnace to be indicative of ther- 
mocouple decalibration. Consequently, we switched to a 
power control mode, which controlled the furnace power 
within _+2 watts, whenever the power continued to drift 
in the same direction for a long time. Such drift was invari- 
ably the case in runs with the talc-glass cell. However, the 
power was found to remain sufficiently stable in some of 

the subsequent experiments with the CsCI cell, especially 
if the nominal pressure was maintained constant, suggesting 
no significant thermocouple decalibration in runs at least 
up to 1,425 ~ C. Since the internal parts of the graphite fur- 
nace were the same in all runs, especially around the ther- 
mocouple junction, we believe that the power variations 
in the other runs of similar duration were not due to the 
decalibration of the thermocouple. Instead, these were the 
results of the movement of furnace hot spot and variation 
of heat dissipation due to such factors as partial melting 
of the insulation, especially of glass, change in the rate 
of flow of cooling water, etc. Consequently, we calculated 
sample temperatures of all runs on the basis of thermocou- 
ple voltage. This midcourse modification of procedure re- 
sulted in an uncertainty of as much as _+ 45 ~ C in the tem- 
perature estimate for some very high temperature runs 
made under controlled power condition. 

As there are no direct experimental data on the pressure 
effect on the emf of W/Re thermocouples, the nominal 
mean temperatures were corrected on the basis of Williams 
and Kennedy's (1969) data on the relative pressure effect 
on the emf of W/Re and Pt/Rh thermocouples, and Getting 
and Kennedy's (1970) data on the pressure effect on the 
latter. The corrected temperatures were 9 to 11~ higher 
than the nominal temperatures. 

Diffusion profiles: measurement and results 

The experimental diffusion profiles were measured using 
a 4-spectrometer ARL microprobe. The electron beam cur- 
rent and accelerating voltage were, in most cases, 50 na 
and 15 KV, respectively. The garnets were initially probed 
for homogeneity. A complete spot analysis was collected 
on one side of the couple away from the interface, then 
Fe, Mn, Ca and Mg counting rates were recorded simulta- 
neously at 0.5 ~tm steps across the diffused region, where 
another full analysis was made. The two spot analyses 
bracketed the compositional range of the profiles. The two 
analyses were used to calculate a proportionality coefficient 
between counting rate and cation fraction as a function 
of counting rate by linear interpolation between the values 
of the spot analyses. The proportionality coefficient for 
each element for the counting rate at each point was calcu- 
lated and used to reduce the data to cation fractions. This 
method yielded acceptably stoichiometric analyses across 
the diffusion profile. The technique minimizes potential 
drift problems, and distributes errors according to molar 
abundance (Loomis 1978). The complete spot analysis was 
reduced by the Bence-Albee method (Bence and Albee 
1968). Multiple step-scanning traverses were made across 
each couple interface. 

The spatial resolution of the microprobe spot analysis 
has been tested by analyzing across the interface of a garnet- 
garnet couple, and a garnet-aluminium metal couple, across 
which essentially no diffusion has occurred. The garnet- 
garnet couple was prepared by welding together the pol- 
ished interface of a spessartine-almandine couple at 
30 Kbar for 2.5 h at 1,200 ~ C, followed by 9.5 h at 800 ~ C. 
On the basis of our diffusion data, to be discussed later, 
the expected diffusion path length under these conditions 
is ~0.1 ~tm. The garnet-aluminium couple was prepared 
by inserting a piece of  garnet into molten aluminium and 
quenching it immediately. The results of step scanning at 
a 0.5 ~tm interval at 15 KV, 50 na across the interfaces of 
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Fig. 3A, B. Illustration of the spatial averaging or convolution effect in microprobe analysis: A a spessartine-almandine couple subjected 
to 30 Kbar, 1,200 ~ C, 2.5 hrs and 800 ~ C, 9.5 h, and B an almandine-aluminium couple made by inserting a piece of almandine in 
molten aluminium and quenching immediately. Expected diffusive length in (a) is less than 0.1 gin. The analysis represent step-scanning 
at 0.5 gm intervals at 15 KV, 50 na accelerating voltage and beam current, respectively 

these couples are illustrated in Fig. 3. The discontinuities 
at the interface are found to be smoothed, due to the spatial 
averaging, over ~ 3 gm in both cases. This smoothing, com- 
monly known as the "edge effect", causes measured com- 
positional gradients to be less than true and diffusion coeffi- 
cients interpreted from the data to be larger than true. Step 
scanning using 10 and 20 na beam currents at both 15 and 
10 KV accelerating voltages did not materially improve the 
resolution. Assuming that the excited x-ray intensity has 
a Gaussian spatial distribution, it can be estimated from 
the data in Fig. 3 that the Gaussian has a standard error 
of ~ 0.6 ~tm. The details of this analysis will be presented 
in a separate paper (Bhattacharya, Ganguly and Loomis, 
in preparation). Thus, ~ 66% of the excited X-rays have 
come from a volume with a horizontal cross-sectional radi- 
us of 0.6 gm concentric with the center of the incident elec- 
tron beam. 

The length of the experimentally induced diffusion pro- 
files varied from 7 to 16 gm for pyrope-almandine couples 
and 20 to 30 gm for spessartine-almandine couples, depend- 
ing on the experimental conditions, which are summarized 
in Table 1. Many profiles were found to have a narrow 
zone around the initial couple interface in which the compo- 
sitional gradients were less steep than on either side. These 
anomalous zones were due to fine scale fracturing, and 
ranged from less than 1 gm to (an unacceptable) several 
gm. Thus, multiple step-scanning across an interface, and, 
in some cases, more than one experiment at the same condi- 
tion were required before at least one profile could be found 
in which the effect of interfacial fracturing might be consid- 
ered to be insignificant. Two examples of acceptable profiles 
are illustrated in Fig. 4. Figure 5 illustrates an unacceptable 
profile which has been extended by interfacial fracturing. 

The measured profiles represent a combination of the 

true diffusion profiles and the spatial averaging of composi- 
tion around the center of the electron beam. The latter 
effect would be most pronounced in the section of the pro- 
file showing the largest curvature, that is, at the terminal 
segments of the diffused zones, and, thus, will have t h e  
effect of enhancing the profiles. Obviously, the shorter pro- 
files are subject to larger relative convolution. A mathemati- 
cal formulation has been developed (Bhattacharya et al., 
op. cit.) to retrieve the true diffusion profile through decon- 
volution of the spatial averaging effect, and work is under- 
way to refine and computerize the method. We have, how- 
ever, ignored the convolution effect in our analysis of the 
experimental data in this and in the following paper, and 
have, therefore, selected only those profiles which are long 
enough (mostly larger than 15 gin) that the convolution 
effects would not be serious. These include all the data 
for the spessartine-almandine couple experiments, but ex- 
clude all but one pyrope-almandine profile. The rest of the 
pyrope-almandine data will be treated in a separate paper 
taking into account the convolution due to the spatial aver- 
aging of composition. We have chosen to include data for 
one pyrope-almandine couple here as these demonstrate 
some interesting compositional effects when considered 
along with the data for almandine-spessartine, as discussed 
in the following paper. 

Interdiffusion of cations 

The experimentally induced diffusion profiles clearly show 
that the interdiffusion of cations in both spessartine-alman- 
dine and pyrope-almandine couples depends on composi- 
tion. This is illustrated in Figs. 6 and 7, in which the profiles 
in Fig. 4 are compared with those calculated using a c o n -  

s t a n t  interdiffusion coefficent D. The simulated profiles in 
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Run Diffusion P, Kbar T (~ 
No. couple a (_+ 1 Kbar) 

Time, 
(h) 

Approximate 
diffused zone 
(gm) 

D(]013) cm2/s ~ 

Fe-rich Mg/Mn-rich 

11 Pyr(l)-Alm(l) 40 t,340 • 10 

15 Pyr(1)-Alm(t) 40 1,370 • 40 

17 Pyr(2)-Alm(l) 40 1,440 • 30 

16 Pyr(1)-Alm(1) 38 1,475 4-_ 45 

40 Spess-Alm(2) 38 1,300 • 10 

43 Spess-Alm(2) 29 1,300 • 10 

31 Spess-Alm(2) 41 1,365 • 15 

38 Spess-Alm(2) 43.3 1,350 • 10 

29 Spess-Alm(2) 41 1,430 • 10 

32 Spess-Alm(2) 41 1,480 • 15 

41 Spess-Alm(2) 41 1,475 • 10 

72.75 

76.33 

94.80 

2&66 

122 

91 

72 

9] 

46.7 

36.6 

25.0 

7 

9 

10 

16 

23 

21 

23 

23 

30 

24 

1.09 (T7) b 0.10 
1.09 (T9) 0.20 

2.9 (T3) 1.4 
3.1 (T4) 1.5 

3.8 (T1) 2.4 
3.2 (T3) 1.8 
4.0 (T4) 2.5 

- (TI) 3.7 

4.0 (T4) 1.5 

15.0 (T1A) 7.0 

15.0 (T2) 6.0 

15.0 (T1) 12.0 
14.0 (T5) 7.0 

" Average Compositions: 
Pyrope(l): (Fe 1.42Mgt.45Cao. t4Mno.03)Alz.osSiz.93Ol 2 
Pyrope(2): (Feo.4sMg2.27Cao.24Mno.o1)All.92Si2.98012 
Alto(l): (Fe2.0sMgo.ssCao.ovMno.02)A12.02Siz.99012 
Alm(2): (Fez.42Mgo.s9Cao.03)Al~.97Si3.0zOlz 
Spess : (Feo.x 7Mn2.sT) All.94 Si3.01012 
b Microprobe traverse number 

See text for discussion of reproducibility of D 
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Fig. 4A, B. Illustration of experimentally induced 
diffusion profiles in A a spessartine-almandine 
couple (run # 29T1A) and B a pyrope-almandine 
couple (run # 17T9), which are acceptable for the 
purpose of retrieval of diffusion data. The 
experiments were at 40 Kbar, 1,440 ~ C, for 46.7 
and 94.8 h respectively. Notice that the spessartine- 
almandine profiles are longer than the pyrope- 
almandine ones in spite of shorter run duration. 

these figures were computed  by the analytical  solution for 
diffusion with extended initial dis tr ibut ion o f  the diffusing 
species satisfying the initial boundary  condi t ion C =  C o at 
X <  0, C = 0 at  X _  >_ 0, t = 0 (C = concentrat ion,  X =  distance, 
t= t ime) .  F o r  constant  D, the solut ion to this diffusion 
problem is given by Crank (1975): 

C (X, t) = 1/2 C O erfc (Y/2 (Dt) 1/2). (1) 

F o r  the spessart ine-almandine couple in Fig. 6 (Run 
# 29T1A), the experimental  profiles required a variat ion of  
the interdiffusion coefficient D from 15 x 10-~3 cm2/s for 

the Fe-r ich side of  the profile to 7 x 10-13 cmZ/s for the 
Mn-r ich side, whereas for the pyrope-a lmandine  couple in 
Fig. 7 (Run # 17T9), D varied by nearly an order o f  magni-  
tude, between 1.09 x 10 -13 (Fe-rich side) and 0.20 x 10 -13 
(Mg-rich side) cm2/s. 

The D values required to fit Fe-  and Mn/Mg-r ich  com- 
posi t ions in each set of  experimental  profiles in a par t icular  
microprobe  traverse are summarized in Table 1. Indepen-  
dent and mult iple fittings of  selected profiles suggest that  
the interdiffusion coefficients for the Fe- and Mn/Mg-r ich  
composi t ions should be precise to within 20% of  the tabu-  
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Fig. 5. A n  example of  an "unaccep t ab l e "  experimental ly-induced 
diffusion profile in a spessart ine-almandine couple in which the 
profile was extended by fracturing at the interface (Run  # 31T3) 

lated values. The interdiffnsion data for the spessartine- 
almandine couple have been cast into the form of the Arr- 
henius equation, 

D = D  O exp(--  Q/RT), (2) 

where Q is the so-called activation energy (enthalpy) of 
diffusion, and D O is a constant related to the entropy of 
activation. The logtoD values are plotted against reciprocal 
temperature in Fig. 8. Linear least-squared fit of these data, 
ignoring the subjective estimates of  errors in D and T, 
yielded Do=0.82x  10 -5 cm2/s, Q=53.6_+4.9 Kcal and 
D o = l . 2 x  10 -s  cm2/s, Q=57.1_+8.4 Kcal at 40 Kbar for 
interdiffusion in Fe-rich and Mn-rich compositions, respec- 
tively, in the spessartine-almandine couple. The D for the 
pyrope-almandine couple at 1,425 ~ C, 40 Kbar is an order 
of magnitude slower than that in the spessartine-almandine 
couple at the same condition. (Our preliminary analysis 
(Elphick et al. 1981) of the Fe-Mg profiles, without regard 
to the convolution effects, suggested a much larger Q for 
Fe-Mg interdiffusion, in excess of 80 Kcal at 40 Kbar.) 
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Fig. 6. Comparison of the spessartine-almandine diffusion profiles shown in Fig. 4(A) with those generated on the basis of constant 
interdiffusion coefficients (D). The profiles cannot be fitted by a constant D. The extreme fits (A: left side; B: right side) illustrate 
the approximate range of variation of D as a function of composition in the compositional range of this couple at ~ 40 Kbar, 1,440 ~ C 
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Fig. 9. Comparison of Fe-Mn 
interdiffusion coefficients determined in 
this work at 1,300-1,475 ~ C with that 
determined by Freer (1979) at 800- 
1,002 ~ C, both normalized to 5 Kbar. 
The experimental temperature ranges are 
shown by solid lines 

In both spessart ine-almandine and pyrope-a lmandine  
couples, the interdiffusion coefficent increases with increas- 
ing Fe  z +. A similar effect of  Fe  z + on D has been document-  
ed for (Fe-Mg)-ol ivine (Misener 1974; Buening and Buseck 
1973) and interpreted as due to (1) the increased equil ibrium 
concentrat ion of  cat ion vacancies and Fe 3+ owing to the 
increase o f  Fe  2 + at constant  oxygen fugacity, and (2) the 
expansion of  the crystal lattice (Buening and Buseck 1973; 
Mor ioka  1980; Lasaga  1981). The Fe  z +-Mg order-disorder  
kinetics in or thopyroxenes ,  which is a diffusion control led 
process, is also found to be enhanced by increasing Fe  2+ 
concentrat ion (Ganguly  1982). In contrast  to our da ta  on 
F e - M n  interdiffusion, however, Freer  (1979) has noticed 
an increase of  D with decreasing Fe content  in diffusion 
experiments using a sinter of  Mn3A12Si3012 powder  and 
almandine-r ich garnet  2 + " (Mgo.93Fe2.oT)A12S13012 at  1 bar,  
915-1,002 ~ C. 

The pressure dependence of  the diffusion coefficient is 
given by the following relat ion 

f i logD']  A V + 
,~p 7~ -  RT (3) 

where A V + is the activation volume. We do not  have ade- 
quate da ta  to calculate A V--, but  an approximate  value 
could be extracted by compar ing the da ta  for the Fe -Mn 
couple at 38 and 29 K b a r  at 1,300 ~ C. These da ta  yield 
A V § = 4.7 cma/mole, which may be compared  with a value 
of  5.50 cm3/mole for Fe -Mg interdiffusion in olivine (Mis- 
ener 1974). Using this value, we obtain from (2) and (3) 

logD(P,T)=logDo(P* ) Q(P) 
4.576 T '  (4) 

where Q (P) = Q (P*) + 0.114 ( P -  P*) with P in atmospheres  
and Q in calories. We have, accordingly,  extrapolated both 
our da ta  and Freer ' s  da ta  on Fe -Mn interdiffusion to 
5 Kbar ,  which is a geologically reasonable pressure for Fe- 
Mn garnets. The results are compared  in Fig. 9. Our  high 
temperature  (1,300-1,475 ~ C) da ta  yield a much higher acti- 
vat ion energy (51.3 + 9.7 Kcal)  than that  required by Freer ' s  
da ta  (20.5+7.1 Kcal) in the temperature  range 822 to 
1,002 ~ C. This difference could be due to a change of  diffu- 
sion at 1,265 ~ C from a high temperature  " in t r ins ic"  mech- 
anism to a low temperature "ex t r ins ic"  mechanism (see, 
for example,  Lasaga  1981). A similar change was noticed 
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in Fe-Mg and Co-Mg interdiffusions in olivine at 1,125 
and 1,300 ~ C respectively (Buening and Buseck 1973; Mor- 
ioka 1980), although Misener's data do not suggest any 
abrupt change of  D(Fe-Mg) in olivine. A change of  diffu- 
sion mechanism in garnet is not, however, supported by 
the analysis of  tracer diffusion data presented in Part II. 

The validity of  the Fe-Mn interdiffusion data can be 
tested by considering the time scale of  homogenization of  
a zoned garnet crystal under medium grade metamorphic 
conditions. An approximate estimate of  this time scale can 
be obtained from the solution of  non-steady state diffusion 
in a sphere with fixed boundary concentration. When the 
composition at the center of  a spherical grain of  radius 
a has evolved through 95% of  the original difference be- 
tween the central and edge compositions, we have, from 
Crank ( 1975, eqn. 6.21 ), D t/a 2 ~ 0.4. Thus, a spherical grain 
of  garnet of  0.5 mm radius would essentially homogenize 
at 500-550~ within a time period of  the order of  104 
and 108 yrs according to Freer's and our diffusion data, 
respectively. The former estimate is incompatible with the 
common preservation of  strong compositional (Fe-Mn) 
zoning in garnets of  comparable dimension (and composi- 
tion as used by Freer) in middle grade metamorphic rocks 
(e.g. Hollister 1969; Loomis 1983), and the ' reasonable '  
estimates of  the cooling rate of  1~102 ~ for metamor- 
phic rocks (Ganguly 1982; Lasaga 1983). 

Duckworth and Freer (quoted in Freer 1981) have deter- 
mined the Fe-Mg interdiffusion coefficient between 1,423 
and 1,603 ~ C at 30 Kbar.  Their value for D(Fe-Mg),  6.11 
exp( -41376 /T)  cruZ/s, yields a value for log D of  
- 9 . 8 4  cmZ/s at 1,440 ~ C, compared to the value 
-13 .1  cm2/s derived in this study for the same conditions 
(Table 1). 
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